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O . Abstract 

' CP violating signals in semileptonic r decays are studied. These can be 

Qh' observed in decays of unpolarized single r's even if their rest frame cannot be 

(D ■ 

' reconstructed. No beam polarization is required. The importance of the two 
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meson channel, in particular the Kt: final state is emphasized. 



I. INTRODUCTION 



CP violation has been experimentally observed only in the K meson system. The effect 
can be explained by a nontrivial complex phase in the CKM flavour mixing matrix [|l|. 
However, the fundamental origin of this CP violation is still unknown. In particular the CP 
properties of the third fermion family are largely unexplored. Production and decay of r 
leptons might offer a particularly clean laboratory to study these effects. CP-odd correlations 
of the and decay products, which originate from an electric dipole moment in the r 
pair production, are discussed in 0,^. In this paper, we investigate the effects of possible 
non-Kobayashi-Maskawa-type of CP violation, i.e. CP violation effects beyond the Standard 
Model (SM) on semileptonic r decays. Such effects could originate for example from multi 
Higgs boson models 0]. 

CP violation effects in the r 2t[v decay mode from this scalar sector have recently 
been discussed in terms of "stage-two spin correlation functions" in and in the case of 
polarized electron-positron beams at r charm factories in [^]. CP violation in the three pion 
channel has been also discussed in |^ and in the Kutt and KKtt channels in p[, where the 
latter analysis is based on the "T— odd" correlations as derived in and the vector meson 



dominance parameterizations in |T^ . 

In the present paper we show that the structure function formalism in allows for a 
systematic analysis of possible CP violation effects in the two and three meson cases. Special 
emphasis is put on the AS" = 1 transition r — > K-KVr where possible CP violating signals 
from multi Higgs boson models would be signalled by a nonvanishing difference between the 
structure functions Wsf[t~ {.Kt:)'^^] and Wsf['''^ (-^7r)+z/^]. Such a measurement is 
possible for unpolarized single r's without reconstruction of the r rest frame and without 
polarized incident e^e~ beams. It is shown that this difference is proportional to IM(hadronic 
phases) x IM( CP- violating phases), where the hadronic phases arise from the interference 
of complex Breit-Wigner propagators, whereas the CP violating phases could arise from 
an exotic charged Higgs boson. An additional independent test of CP violation in the two 



2 



meson case would require the knowledge of the full kinematics and r polarization. 

The paper is organized as follows: CP violating terms in the Hamiltonian for r decays are 
discussed in section 11. It is shown that CP violating signals induced through the exchange of 
an exotic intermediate vector boson can only arise, if both vector and axial vector hadronic 
currents contribute to the same final state, i.e. for final state which are not eigenstates of G 
parity and involve three or more mesons. The kinematics and the relevant form factors and 
structure functions for tests of CP violation in the two meson case are presented in section III. 
CP violation effects in three meson final states are briefly discussed in section IV. Finally, 
it is shown in appendix A that the reconstruction of the full kinematics is possible for the 
case, where one r decays into one charged hadron and the second r decays into a p or K* 
with the subsequent decay into a neutral and a charged meson. 

II. CP VIOLATION IN r DECAYS 

The Hamiltonian responsible for r decays is decomposed into the conventional term of 
the SM, denoted by Hsm, a CP violating term of similar structure, induced e.g. by the 

exchange of a vector boson, H(^p and a CP violating term induced by scalar or pseudo 
scalar exchange H^j,: 

[d^''{l-^,)u] + h.c. 

[dr{Xv-xh5)u] + h.c. (1) 

[d ivi + ^p75 ) u] + h.c. 

plus a similar term with the complex parameters rj^,x^ replaced by r]^,x^ for the AS — 1 
contribution. 

The dominance of {V — A) contributions to the leptonic current in leptonic and semilep- 
tonic T-decays has been demonstrated experimentally under fairly mild theoretical assump- 
tions. A pure {V — A) structure of the leptonic current in Hsm will therefore be adopted 
for simplicity. A slight deviation from [V — A) for the hadronic current can in principle 
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Hsm = cos 9c-^ [iy -fa{gv - 9 Alb) r] 



h'^cp = cosOc^ [ly laig'v - 9 Alb) r] 



G 



H§1 = cos [u {gs + gpib) r] 



'V2 
G 



be masked by the form factors. However, tight restrictions can be derived from the ratio 
r(r —>■ z/7r)/r(r vkti) using as input f^^ and the pion form factor from e+e~ annihila- 
tionQ. The study of CP violation will entirely rely on interference terms between Hsm and 
i7f;p, i^cp- Interference terms between the dominant (V — A) leptonic current in Hsm and 
a possible V + A term in the leptonic current of H^p^ are suppressed with the ratio between 
the mass of the r neutrino and m^. Therefore only contributions from left-handed neutrinos 
will be included, i.e. gv = Qa = g'v = 9'a = 9s = -Qp = 1- 

The hadronic matrix elements of the currents d'y"u (and similarly d'y'^'y^u) in Hsm and 
H^p are of course identical. The spin zero part is closely related to the corresponding matrix 
element of the scalar current in H^p through the equation of motion: 

d-faU = - rrid) du; -Q" d'^al^u = {rriu + ma) d'y^u (2) 
with = id". The Hamiltonian in Eq. (P can thus be written in the form 

H^cosO.^^ [.Ul-l.)r] {((1+/.)^"^ + ;;^^^^) ^"7.. (3) 

- f(l + xlk""+ y p] dj,l^u] + h.c. 

\ mr{mu + md) J J 

and similarly for the Cabibbo suppressed mode. From this form it is evident that x and r) 
play a fairly different role. Effects from xv and/or xa can only arise if both vector and axial 
hadronic currents contribute to the same final state and hence only for final states which are 
not eigenstates of G parity and involve three or more mesons. Conversely, for all two meson 
decays and, adopting isospin symmetry, even all multipion states, CP violation cannot^] arise 

^The relative sign between hadronic vector and axial vector current is not fixed through this 
consideration. It can be determined by interference measurements in the Ktttt and KKtt channels, 
e.g. of the structure functions Wf^g,h,i @1- 

^In this aspect we disagree with Ref. Q where it has been claimed that CP violation in the 27r 
channel can be induced through the exchange of an exotic intermediate vector boson. 
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from a complex x- contrast, CP violation can arise from a complex 77, since J = and 
J = 1 partial waves are affected differently in this case. For this reason contributions from 
nonvanishing x will be ignored in the following. 



III. TWO MESON DECAYS: KINEMATICS, FORM FACTORS 
AND STRUCTURE FUNCTIONS 

Transitions from the vacuum to two pseudoscalar mesons hi and /i2 are induced through 
vector and scalar currents only, where the latter can be related to the former with the help 
of Eq. (^). Expanding this hadronic matrix element along the set of independent momenta 
{Qi - <l2)i3 and = (gi + ^2)/? 

Jp = {h{qi)h2{q2)\u-fpd\0) = (gi - q,)' Tsp F{Q') + QpFs{Q') (4) 

the general amplitude for the strangeness conserving decay 

r^(/, s) s') + hi{qi, mi) + /i2(g2, "^2) , (5) 

can be written as0 

M = cos e,-^ u{l', s')7a(l - 75)w(/, s) f + .^'^^^ . vs] \iqi - ^2)' Tsf, F + Qp Fs 
V2 V "^rl'^u -md) J ^ J 

= cos e,^u{r,s') 7„(1-75)m(/,s) [(gi-g2)/3T"'3 F + Fs] (6) 

with 



Vs] Fs (7) 



\ mrirriu-md) 

and similarly for the AS = 1 part. In Eq. (P) s denotes the polarization 4-vector of the r 
lepton satisfying l^s^ = and s^s^ = —P^. P denotes the polarization of the r in the r rest 



^We suppress the superscript d (or s) in r]s in the following. 
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frame with respect to its direction of flight in the laboratory frame and T"^ is the projector 
onto the spin one part 

y Q2 ■ 

As stated before, terms proportioal to x do not contribute to CP violation in the two meson 
case and have therefore been neglegted. 

The representation of the hadronic amplitude (/ii/i2|M7/3C?|0) = (gi — T^p F + QpFs 
corresponds to a decomposition into spin one and spin zero contributions, e.g. the vector 
form factor F^Q"^) corresponds to the = 1~ component of the weak charged current, 
and the scalar form factor Fs{Q'^) to the = O'*" component. Up to the small isospin 
breaking terms, induced for example by the small quark mass difference, CVC implies the 
vanishing of Fs for the two pion case. The small u and d quark masses enter presumably 
the couplings from charged Higgs exchange and thus cancel the apparent enhancement by 
the inverse power of (m„ — m^) in Eqs. (^,^,|^). The perspectives are more promising for 
the AS" = 1 transition r — > Kt^v. The J = 1 form factor F is dominated by the i^*(892) 
vector resonance contribution. However, in this case the scalar form factor Fs is expected to 
receive a sizable resonance contribution (~ 5% to the decay rate) from the fro(1430) with 

= 0+ [|ri[]. In the subsequent discussion we will include both vrvr and Kn final states. 
The corresponding r"*" decay is obtained from Eq. (^) through the substitutions 

(1-75)^(1+75), Vs^Vs- (9) 

Reaction (|^) is most easily analyzed in the hadronic rest frame qi + q2 = 0. After 
integration over the unobserved neutrino direction, the differential decay rate in the rest 
frame of hi + h2 is given by PJTT|] 



dT{T- 2hvr) = {LbWb + LsaWsa + LsfWsf + LsgWsg] 



/cos^ecA 1 {ml — Q'^Y dQ"^ dcosO da d cos f3 . . 

ml n n n " \^^) 



The coefficients Lx contain all a, (3 and 6 angular and r-polarization dependence and will 
be specified below. The hadronic structure functions Wx, X E {B, SA, SF, SG}, depend 

6 



only on Q"^ and the form factors F and Fs of the hadronic current. The dependence can be 
obtained from Eq. (34) in with the replacements 0:4 — > 2 gi , F3 — * —iF , F4 — Fs- One 
has: 

WB[r-]=mf\F\^ (11) 

WsA[r-] = \Fs\^ (12) 

WsF[r-] = 4yQ2|gi| Re [fF*] (13) 

W^5G[r-] = -4v/g2|gi| Im (14) 

where |^l| = Q'l is the momentum of hi in the rest frame of the hadronic system: 

g7 = 7Am{[Q'-ml-m'^'- Amlmt) . (15) 



2v^ 

The hadronic structure functions VTxiT^] are obtained by the replacement rjs f]s in Fs 
in Eqs. (|I2|-|1^,0) . CP conservation implies that all four structure functions are identical for 



r"*" and r~. With the ansatz for the form factors formulated in Eq. (|^) CP violation can be 
present in Wsf and Wsg only and requires complex rjs- As will be shown in the subsequent 
discussion CP violation in Wsg in maximal for fixed rjs in the absence of hadronic phases 
whereas Wsf in contrast requires complex 775 and hadronic phases simultaneously. 

We will now demonstrate that Wsf can be measured in e~^e~ annihilation experiments 
in the study of single unpolarized r decays even if the r rest frame cannot be reconstructed. 
In this respect the result differ from earlier studies of the two meson modes where either 
polarized beams and reconstruction of the full kinematics or correlated fully reconstructed 

and r+ decays were required [Q. The determination of Wsg, however, requires the 
knowledge of the full r kinematics and r polarization. 

For the definition and discussion of the angles and leptonic coefficients Lx in Eq. (|TU[) 
we therefore consider two different situations, depending on whether the direction of flight 
of the r in the hadronic rest frame [denoted by n^] can be measured or not. 
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FIG. 1. Definition of tlie angles a and /3 in two meson decays. 
I) The r direction in the hadronic rest frame is not known: 

In this case, the angle /3 in Eq. ( p!OD denotes the angle between the direction of h\ (gi = 
gi/|gi|) and the direction of the laboratory viewed from the hadronic rest frame (see 
Fig. 1) 



cos P = ■ qi 



(16) 



•fiL is obtained from = —uq, where uq denotes the direction of the two- meson-system in 
the laboratory. The azimuthal angle a is not observable and has to be averaged out. 

The angle 6' (0 < < vr) in Eq. (p!0| ) which is only relevant for the analysis of polarized 
r's, is the angle between the direction of flight of the r in the laboratory frame and the 
direction of the hadrons as seen in the r rest frame. The cosine of the angle 6 is observable 
even in experiments, where the r direction cannot be measured experimentally. This is 
because cos 6 can be calculated [|T^,|I^,0 from the energy Eh of the hadronic system in the 
laboratory frame 
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cos 6' = , x = 2— , s = 4E^g„^. (17) 

(^2 _g2) /i_4^2/5 



Of particular importance for the subsequent discussion is ip, the angle between the direction 
of the laboratory and the r as seen from the hadronic rest frame. Again the cosine of this 
angle can be calculated from the hadronic energy Eh |p^p^ p|. One has: 



cosip = = ■ (18) 



The angular coefficients Lb,sa,sf,sg for r~ decay in Eq. ([I0| ) are given by 



Lb = 2/3 Ki + K2- 2/3:^i(3cos^/3- l)/2 

LsA = K2 (19) 

LsF = -K2 COS (3 
LsG = 



with 



Ki = l- -fvAP cos e - (ml/Q^) (1 + 7y^P cos 9) 

K2 = {ml/Q^){l + -fvAPcose) 

Ki = Ki (3 cos^ - l)/2 - 3/2 sin 2^^ 

= K2 cosip + K4 sin ifj (20) 



= Vm2/g2 ^^.^Psin^ 



where 



{K5 in Eq. (^) is needed in the later discussion). In our case of purely left-handed leptonic 
currents 'Jva = 1- For P = 0, the case relevant in the low energy region y/S ^ 10 GeV, 
Eq. (|19D simplifies to 
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Ls. = ^ (22) 

9 

— TTl 

LsF = --7^ COS?/' COS (3. 

Note that the angular coefficient Lsg vanishes, if the hadronic rest frame is experimen- 
tally not known and only the distribution in (3 is considered. 

The differential rate (Eq. ([T0|) ) for the CP conjugated process can be obtained from 
the previous results by reversing all momenta p —p, the r spin vector s —s, the 
polarization P —P, and the transition 'Jva ~1va- CP therefore relates the differential 
decay rates for r+ and as follows: 

dY\T-\[nyA,P,Wx\r-\)^dY\r^\{-^yA.-P.Wx\r^\) (23) 

Note that the coefficients Lx contain the full ^ya and P dependence. From the interference 
between the spin-zero spin-one terms (denoted by the subscript X = SF, SG) one can 
construct the following CP-violating quantities: 

Ax = ^ {LxilvA, P) Wx[r-] - Lx{-1va, 'P) Wx[r^]) (24) 
= LxilvA, P) \ {Wx[r'] - Wx[r^]) (25) 
= Lx^Wx (26) 

As mentioned before the hadronic structure functions HOc[t~] and Wx[t^] differ only in the 
complex parameter 775 in 

Fs[r-] = f 1 + r Fs and Fs[r^] = f 1 + ^ A Fs 

(27) 

and one obtains for the only nonvanishing spin-zero spin-one term LsfWsf 



^WsF = 4yQ2|gi| , r Im(FF^) lm{7]s) . (28) 
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In essence this measurement analyses the difference in the correlated energy distribution 
of the mesons hi and /i2 from r"*" and r~ decay in the laboratory. As already mentioned, 
^WsF is observable for single r"*" and r~ decays without knowledge of the r rest frame. 
Any nonvanishing experimental result for AWsf would be a clear signal of CP violation. 
Note that a nonvanishing AWsf requires nontrivial hadronic phases (in addition to the CP 
violating phases rjs) in the form factors F and Fs- Such hadronic phases in F (Fs) originate 
in the KnUr decay mode from complex Breit Wigner propagators for the K* (Kq ) resonance. 
Sizable effects of these hadronic phases are expected in this decay mode [|lT|. 

Once the r rest frame is known and a preferred direction of polarization exists one may 
proceed further, determine also Wsg and thus perform a second independent test for CP 
violation. The subsequent analysis is performed for a r with spin direction s. 

II) The r direction in the hadronic rest frame is known: 

As discussed in the appendix, the r direction can be determined in a large number of cases 
with the help of vertex detectors. In this case, the vector ul is replaced by Ht and hence 
^ 0, whereas cos^^ = —sur- The angles a and jS are in this case defined by (see Fig. 1 
with the replacement ul ^ Ut-; the X' — Z'-plane is defined by the spin vector s and n^): 

cos P = fir ■ qi , (29) 

{fir X s) ■ {fir X gi) 

cos a = — ; ^-yzi r-r ) (30) 

\nr X s| \nr X qi\ 

S-{firXqi) .01 ^ 

sma = — — — — -, [61) 

\nr X s| |r;,T- X gi| 

and the coefficients Lx for the r~ decay are given by: 

Lb = Ki sin^ 13 + K2 — sin 2/5 cos a 

LsA = K2 

(32) 

LsF = — COS /5 — sin /? COS a 

LsG = sin P sin a 

The coefficients for Ki, K2, K^, K4, for ip ^ are given in (PU]). For P = 0, the case 
relevant in the low energy region ^/S ^10 GeV, Eq. (|3^) simplifies to 
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mt \ o „ mt 



l-gij-^-^+Qi (33) 

2 

T 

Q~ 



2 

m 



= (34) 



2 

m 



cos/3 (35) 
^SG = (36) 

Evidently Wsg cannot be measured in this case and thus no additional test of CP violation 
is possible. However, longitudinally polarized incident beams or the study of r"*" and 
T~ correlations could allow to recover polarization. The distributions in ^ are in fact 
equivalent to the product of Lsg^sg if the angle a is defined with respect to the r spin 
vector through Eqs. ( p0|j31| ). Correlations between the r"*" and r~ decay products may even 
allow to define the angle a without r polarization. 

The differential rate (Eq. (pUj)) for the CP conjugated process can be obtained from 
the previous results by reversing all momenta p —p, the r spin vector s —s, the 
polarization P —P, sin a ^ — sin a and the transition 'Jva —IvA- CP therefore 
relates the differential decay rates for r+ and as: 

dT[T-]{sma,^vA,P.Wx[r-]) ^ dT[T+]{- sin a, -^v a. -P,Wx[r+]) (37) 

From the interference between the spin-zero spin-one terms one can construct the following 
CP-violating quantities: 

Ax = ^ (Zx(sina, jva, P) Wx[r-] - Lx{- sin a, -7y^, -P) Wx[r^]) (38) 
= Lx(sina,7y^,P) ^ {Wx[t-] - Wx[t+]) (39) 
= Lx^Wx (40) 

^WsF = 4yQ2|gi| , r Im(FF|) Im (r/^) • (41) 

^ mr{mu - md) 

^WsG = 4^|gi| r Re(FF^) Im (r/5) • (42) 

" mr[mu - md) 
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Any observed nonzero value of these quantities would signal a true CP violation. Eqs.(PD 
and ( ^2D show that the sensitivity to CP violating effects in AWsf and AWsg can be fairly 
different depending on the hadronic phases. Whereas AWsf requires nontrivial hadronic 
phases AWsg is maximal for fixed rjs in the absence of hadronic phases. 



IV. THREE MESON DECAYS 

The structure function formalism allow also for a systematic analysis of possible CP 
violation effects in the three meson case. Some of these effects have already been briefly 
discussed in . The Ktttt and KKtt decay modes with nonvanishing vector and axial vector 
current are of particular importance for the detection of possible CP violation originating 
from exotic intermediate vector bosons. This would be signalled by a nonvanishing difference 
between the structure functions Wx{t~) and Wx{t^) with X G {F, G, H, I}. A difference in 
the structure functions with X G {SB, SC, SD, SE, SF, SG} can again be induced through 
a CP violating scalar exchange. More details will be presented in a subsequent publication. 



APPENDIX A: TAU KINEMATICS IN ONE PRONG DECAYS 
FROM IMPACT PARAMETERS 

The reconstruction of the full kinematics is evidently a significant advantage in the analy- 
sis of r decays . It has been shown in ||15| that this is possible for the r+(^ 7r+p)r^(^ vr^z/) 
final state if the tracks of 7r+ and tt^ are experimentally measured — even if the production 
vertex is not known. If the production vertex is known, the knowledge of one track of tt"*" 
or 7T^ is sufficient. Also three prong decays with measured tracks allow the full kinematic 
reconstruction. In this appendix the discussion of is generalized to the case, where one 
T decays into one charged hadron and the second r decays into p or K* with the subsequent 
decay into a neutral and a charged meson. For definiteness assume the r~ decays into tt'u 
and the r"*" decays into p^(^ 7t^tt^)u. This is a generalization of the situation discussed 
in 



15(1 , where both r's were assumed to decay into one charged hadron each. In fact, the 
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method is also applicable in the multibody one prong decay, if the momenta of all neutral 
decays are determined experimentally. 

Assume that the momenta of all hadrons are measured and, furthermore, the tracks of 
TT~^ and 7r~ are also measured. We shall demonstrate that also in this case the impact vector 
allows to reconstruct the original direction of r+ and r~ in most of the cases. 

We use the following notation: n_|_ and n_ denote unit vectors into the directions of the 
p"*" and the vr" momentum, r denotes the direction of the vr"^ track. The cosines of the 
angles 9^ between the directions and the hadronic systems in the lab frame are denoted 
by c± = cos 6^ = n-r^n±. c+ and c_ can be calculated from the energy and mass of the 



hadronic system as given in Eq. (1) of |T5 



In a first step, we determine the vector d which connects the and r_ decay vertex. As 



shown in |T5[ d can be geometrically be reconstructed from c+, c_, n_|_, n_ up to a two-fold 
ambiguity. Only the directions, but not the length of d can be obtained in this way, therefore 
we define D = d/\d\. From Eq. (9) in W^ we find the unit vector 



D = D„,in + ,i ^ ,^ [- (c+(ri+n_) + c_) n_ + (c_(ri+n_) + c+) n+] (Al) 

1 — [rij^n^Y 

= D™„ + ^0 (A2) 

Dmin denotes the direction of the vector which connects the points of closest approach 
between the straight lines through the decay vertex of r+ and r~ directions ra+ and n_, 
respectively and hence is normal to ri+ and n^. Do is the remaining piece of D which by 
construction lies in the plane spanned by n+ and n_. 
Note that D^in -L Dq by construction and hence 

-* X n„) 

|n+ X 

From Eq. and D"^ = 1, Dmin ' Dq = one has 



DLn = 1-^0 (A4) 
^^-r |l - \cl + + (n+ra_)2 + 2c+c_(n+n_)l | (A5) 
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With \n+ X fi-l — — (n+fi-)^ on obtains 

[(c+(n+n_) + c_) n_ — (c_(n+n_) + c+) n+] (A6) 



(1 - 

^±D^ + Do (A7) 

No information on the tracks has been used. In a second step one predicts from measured 
momenta the vector v of minimal distance between the positive and negative track with the 
help of r, fi_, and D. Depending on the two choices for D one will obtain two predictions 
for the direction of v. Frequently, only one of them will be compatible with the actual 
measurement. 

In order to calculate the vector v we choose a coordinate frame where the t_ decay point 

— * 

lies at the origin and the negative and positive tracks are parameterized as Afi_ and D + Xf 
respectively. [In reality one should scale D with \d\, the actual decay length of t+ plus t~. 
However, since we are only interested in directions, this factor drops out.] A straightforward 
geometrical calculation predicts 



{{Dr) (r-n_) - (Dn^)) rz_ + {(Dn^) (n_r) - (Dr)) f] yZT^^ (^8) 



Up to now no use has been made of track measurements. At this point f is given by 
the momentum of the tt"^. Inserting the two solutions D± — ±D± + Dq one obtains two 
predictions for v. 

v^^D++ [[{D+r) {fn_) - {D+n_)) n_ + ({D+n_) (n_f) - (D+f)) f] ^ _ (A9) 

V2^D^+ [((^-r) (rH_) - ri_ + (fi_r) - (5_r)) f] ^ _ (AlO) 

Note that both solutions Vi and V2 are normal to n_ and parallel or antiparallel to each 
other, i.e. vi x V2 — 0. 

The next step is to compare the measured v with the calculated solutions vi,V2 and 
select the proper one. In order that this strategy can work we have to restrict ourselves to 
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0.5 1.0 1.5 

m,, [GeV] 

FIG. 2. Percentage of events where the difference in the direction of vi and V2 allows the full 
reconstruction. 



the case, where the two results for v in Eqs. (lAQIJAlOD correspond to two opposite directions 
for V (and not only to different lenghts which would not allow to resolve the ambiguity). 
Using Monte Carlo methods we have checked for the tt'tt^ configuration that this is 



possible for 100 % of the events with n 7r° at threshold, about 50% for events with 



(the dominant configuration!) and zero at the kinematical endpoint illustrated 
in Fig. 2. On the other hand, in the limit m.^.,^ — > rrir the difference between the two solutions 
per se shrinks to zero, such that an approximate reconstruction seems possible in this case 
again. 
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